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Abstract Changes in the land surface interact with a changing climate. Moreover, the impact of land
surface changes on the local and regional climate can be as large as the impact of increasing greenhouse
gas emissions. The land surface-climate interactions are best represented by high-resolution models to
capture the mesoscale circulation features. The future land surface changes are preferably represented by
scenarios that illustrate plausible storylines. Furthermore, the impact of future urbanization is relevant for
the highly urbanized region of Europe. In this study, we assess the interactions between climate and land
surface dynamics by modeling the near-future climate state for western Europe based on a policy-driven
land use change scenario at high resolution. The global climate model CNRM-CM5.1 has been downscaled
to the regional climate of western Europe by using ALARO-SURFEX at 4-km horizontal resolution.
SURFEX provides a parameterization of the urban physical properties so that the impact of urban surfaces
on the regional climate can be modeled realistically. Results are interpreted with respect to the near-future
climate change without land surface changes. The near future presents a uniform temperature increase of
0.3–0.6 ◦C. This is in contrast to changes by the land surface that are more heterogeneous in space and
much stronger at the local scale. Deforestation and conversion to arable land diminishes climate change
effects, whereas urbanization results in an enhancing effect of climate change. Moreover, urbanization is
as big as the radiative forcing warming for minimum temperature.
1. Introduction
Landuse and land cover changes (LULCCs) alter the biosphere-atmosphere fluxes through twomainmecha-
nisms: biogeochemical and biogeophysical processes (Kabat et al., 2004). The biogeochemicalmechanism of
the LULCC alters the chemical composition of the atmosphere, while biogeophysical mechanisms describe
the change of the physical characteristics of the land surface such as albedo, soil moisture, and roughness
(Bonan, 2008). The Representative Concentration Pathways (RCPs, Moss et al., 2010) include greenhouse
emissions from land use activities. The radiative forcing targets by the RCPs incorporate the carbon emis-
sions and uptakes from the LULCC (Davies-Barnard et al., 2014). In general, they consist of deforestation
and afforestation, abandonment and recultivation of agricultural land, and urbanization. However, the role
of vegetation and of soils is much more than only the assimilation of carbon. They also force changes in
the heat and moisture transfer between land and atmosphere, as a result of albedo changes or a modified
partitioning in latent and sensible heat fluxes (Pielke & Niyogi, 2010). These biogeophysical mechanisms of
the LULCC do not solely affect the radiative process but can significantly influence the local and regional
climate.
The production of regional and country-scale high-resolution (i.e., less than 10 km) climate projections is
a prerequisite to evaluate impacts of future climate change on human societies and ecosystems and for-
mulate adaptation measures. Moreover, to more accurately simulate climate change, these country-scale
climate simulations must not only be run at increased spatial resolution but also integrate the changes of
the land surface, that is, the changes in ecosystems, land use, and land cover, which can significantly impact
local and regional climates throughmodification of albedo, roughness length, and evapotranspiration rates.
Althoughmanymodeling studies of the global (Bathiany et al., 2010; Boisier et al., 2012; Brovkin et al., 2013;
de Noblet-Ducoudré et al., 2012; Jones et al., 2012, 2013; Pitman et al., 2012; Pongratz et al., 2010; Winckler
et al., 2017) and regional (Burakowski, 2016; Gálos et al., 2011, 2013) biophysical impact of LULCC have
been conducted, these studies remain quite limited in their assessment of the interactions between climate
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and land surface dynamics. In fact, they usually use low-resolution models, so that atmospheric processes
like regional winds, thunderstorms, or other local convective systems cannot be represented, while these
mesoscale circulation features are probably central in governing the land surface-climate feedbacks at the
scale of a region or a country (Pitman et al., 2012).
Europe is characterized by a high diversity of urban and rural landscapes. Agriculture is the most important
land use and has been developing rapidly in the last 60 years due to changes in technology andmanagement
system (Reginster et al., 2010). In parallel to this intensification of agriculture, a general trend of abandon-
ing agricultural land has been observed. In the meantime, forest areas have increased slightly by 0.1% in the
period of 1990–2000 and impervious surfaces have increased by about 5.4% over this period with an increase
in the density of urban areas (Reginster et al., 2010). These changes are likely to continue in the future. The
combined effect of climate change and regional land use policies is still poorly understood over Europe. For
example, the effect of afforestation in temperate regions is not clear yet. Many studies (Gálos et al., 2011,
2013) have examined the biophysical effects of hypothetically removing or replacing whole ecosystems in
order to produce a robust signal; however, a gap remains in examining plausible (storyline/policy-driven)
future scenarios of land use change combined with high-resolution climate simulations over Europe. More-
over, the impact of future urbanization onmesoscale and potentially regional-scale climate needs additional
investigations. In fact, only a fewmodeling groups working at the regional scale are now beginning to imple-
ment urban parameterizations within the land surface model component of their regional climate model
(Argüeso et al., 2014; Doan et al., 2016; Georgescu et al., 2013; Grossman-Clarke et al., 2017; Kaplan et al.,
2017; Kim et al., 2016; Kusaka et al., 2016; Li et al., 2018). Other groups generally employ a dynamical down-
scaling of global climate model information with a nonurbanized regional climate model, while further
high-resolution simulations are often performed using some type of statistical and/or dynamical downscal-
ing by running off-line urban modules (Conry et al., 2015; Früh et al., 2011; Hamdi et al., 2016; Hoffmann
et al., 2016; Lauwaet et al., 2015; Lemonsu et al., 2013). However, because of the off-line mode of these
simulations, the contribution and feedback processes by the UHI and climate change are not taken into
account.
Although the large-scale signal from LULCCs on future climates is probably known (Feddema et al., 2005),
much higher-resolution model simulations still need to be conducted to build confidence in how LUL-
CCs interact with a changing climate at regional scale with a specific background climate (Pitman et al.,
2011). The climate change forced by the biogeophysical effects of LULCC can be as large as the forcing by
greenhouse gas emissions (Mahmood et al., 2014). A temperature change that is related to a change in evap-
otranspiration and/or surface roughness can even compensate the temperature change due to a change in
albedo, resulting in a temperature change other than expected (Perugini et al., 2017). As an example, defor-
estation leads to higher albedo (forest are generally darker, especially in norther regions) and decreased net
radiation with a potential negative temperature change (Bonan, 2008). However, this decrease of temper-
ature can be locally offset by the warming effect due a decrease in latent heat flux (Feddema et al., 2005).
Furthermore, the quantification of the future climate impact of the biogeophysical effects of LULCC imposes
high levels of uncertainty, which results in a low agreement on the net change in global mean temperature
(Brovkin et al., 2013).
Although considerable research has been devoted to the biogeophysical effects of LULCC on climate
(Mahmood et al., 2014), less attention has been paid to assessments of the LULCC impact on the regional
climate for the near future, a period that is most important for decision making and stakeholders. In fact,
this study is undertaken under the Belgian project MASC (François, 2015) and funded by the Belgian sci-
ence policy with the aim to study the feedbacks between climate changes and land surface changes in order
to improve regional climate model projections at the decennial scale over Belgium and western Europe and
thus to provide better climate projections and climate change evaluation tools to policy makers, stakehold-
ers, and the scientific community. This study was developed by using one model, which can cause model
uncertainty that is the dominant cause of uncertainty for near-future climate projections. Besides, one future
scenario for both climate change and land use change has been used, but for near-future climate projec-
tions the scenario spread determines the uncertainty to a lesser extent than model uncertainty (Hawkins &
Sutton, 2009).
Modeling the LULCC impact on the regional climate can be achieved by using LULCC scenarios that repre-
sent storylines of future land cover. The scenario approach is recognized as a robust approach for analyzing
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Figure 1. The dominant land cover types in the BASELINE, upscaled to a horizontal resolution of 4 × 4 km2.
the potential impact of LULCCon the climate system (Lorencová et al., 2016). Due to the large variety of local
changes in the landscape of western Europe, the local-scale climate impact by the LULCC can be assessed
using high-resolution scenarios. Besides, the local-scale changes in the landscape impose a challenge to the
climate model community to parameterize its variability of scales that are smaller than the usual spatial res-
olution used by regional climate models. Especially urbanization creates a high alteration of the landscape
and requires a proper parameterization of the urban physical properties so that the impact of urban surfaces
on the regional climate can be modeled realistically (Masson, 2006; Mahmood et al., 2014).
The local-scale changes in the landscape impose a challenge to the climate model community to parameter-
ize this subgrid-scale variability. The use of the high-resolution land surface model SURFace Externalisée
(SURFEX, Masson et al., 2013) can overcome this challenge. A specific feature of SURFEX is the represen-
tation of the land surface as a patchwork of natural, impervious and water surfaces. The parameterization
for urban surfaces within SURFEX (Masson, 2000) is a high advantage for Europe with its strong increase
in urban areas (Trusilova et al., 2008).
In this case study, high-resolution climate change simulations have been carried out for western Europe
combined with plausible future scenarios of land use change over the next decades. The particular land
use changes within this study involve the conversion from grassland to arable land, arable land to urban
area, and arable land to forest. Furthermore, this study aims to produce a comprehensive analysis on the
interplay between the LULCC and climate change using high-resolution climate simulations coupled with
a sophisticated land surface scheme, including a state-of-the-art urban parameterization.
The structure of this paper is organized as follows: The land cover data, experimental setup, andmethods are
assembled in section 2. Section 3 covers the simulation results. Discussion of the results for three different
land use changes is presented in section 4. In section 5, the conclusions are drawn, and the strengths and
weaknesses of this experiment are listed.
2. Data and Experimental Setup
2.1. LULCC and Scenarios
Multiple scenarios for the future land surface changes were defined in the ALARM project, an inte-
grated project within the Sixth Framework Programme of the European Commission (FP6). The project
aimed at providing a tool for the assessment of environmental risks, more specifically for biodiversity loss
(Spangenberg et al., 2010). The LULCC scenarios were based on the ALARM socioeconomic storylines
and were in agreement with the future trends in European policy that impact the land surface (Reginster
et al., 2010). The scenarios have been referenced to a baseline (hereafter called BASELINE, Figure 1), which
are observed land covers in the year 2000. The BASELINE has been downscaled to a higher resolution of
250 × 250 m2 (Reginster et al., 2010) using the downscaling algorithm of Dendoncker et al. (2006) and is a
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Figure 2. Land cover changes between the BAMBU scenario year 2020 and
the BASELINE at 4-km horizontal resolution. The numbers present the
portion of grid boxes that have undergone the particular conversion of the
total land area. The three boxes represent areas with one dominant land use
and land cover changes: in box 1 grassland to arable, box 2 arable to
built-up, and box 3 arable to forest.
reclassification of the Coordination of Information on the Environment
(CORINE, Heymann et al., 1994). The resulting land cover is composed
of six classes that match the ALARM classes: urban, arable, permanent
crops, grassland, forest, and other (Dendoncker&Rounsevell, 2007). Sim-
ilarly to the BASELINE approach, the future land cover scenarios have
been downscaled for three years: 2020, 2050, and 2080.
The Business-as-might-be-usual (BAMBU) scenario has been selected
as it is most relevant for our study domain. The BAMBU scenario fol-
lows a reformed agricultural policy with an enforced nature protection by
NATURA 2000 (Sundseth, 2008). The largest changes involve the aban-
donment of both cropland and grassland, compensated by an increase
in forests. The BAMBU scenario follows current and expected trends in
EU policies and includesmitigation and adaptation strategies (Lorencová
et al., 2016). Furthermore, the BAMBU scenario was developed with the
climate input of the Intergovernmental Panel on Climate Change SRES
A2 scenario, as it matches the past developments that determine the cli-
mate trend (Spangenberg, 2007). The SRES A2 scenario is related to the
Shared Socioeconomic Pathway number 3, which describes a world dom-
inated by regional rivalry (Riahi et al., 2017). In some way, the A2 SRES
scenario is equivalent to the RCP8.5 scenario (Riahi et al., 2011). Despite
climate trends have been taken into account in the BAMBU scenario, it is
still relevant to combine the BAMBU scenario with an emission scenario
when modeling the future climate (Lorencová et al., 2016).
A total of 11.8% of land area changed between the BASELINE and the
BAMBU scenario year 2020, of which the most important LULCC is
shown in Figure 2. Themajor LULCC inwesternEurope is the conversion
from arable to forest with 3.1% of the total land area. This type of conver-
sion takes place in concentrated regions in the south of the domain, that
is, the center of France and southernGermany. TheNetherlands ismainly
characterized by the conversion from grassland to arable. The conversion
from forest to arable is more evenly distributed across the countries. The conversion from arable to built-up
occurs mainly in Belgium, more particularly in Flanders and in the northern part of theWalloon region, but
also in the Ruhr district in Germany. The areas with high concentrations of one particular LULCChave been
selected andwere predominantly reflected by changes from grassland to arable in box 1 (in theNetherlands),
from arable to built-up in box 2 (in Belgium) and from arable to forest in box 3 (in France; Figure 2). Their
extent is 3.3◦E,50.6◦N to 5.8◦E,51.2◦N for box 1, 4.7◦E,51.6◦N to 6.8◦E,53.2◦N for box 2, and 2.7◦E,48.0◦N to
4.1◦E,49.4◦E for box 3. The LULCC accounted for 13.3%, 11.7%, and 42.0% of the total areas in box 1, box 2,
and box 3, respectively. They all have a specific biogeophysical impact on the regional climate, by altering
the surface energy balance.
2.2. Experimental Setup
We used the ALARO-0 model, a configuration of the Aire Limitée Adaptation Dynamique Développe-
ment International (ALADIN) model with improved physical parameterizations (Gerard et al., 2009). The
ALADIN model is the limited area model version of the global scale Action de Recherche Petite Echelle
Grande Echelle Integrated Forecast system (ARPEGE-IFS; ALADIN International Team, 1997; Bubnovà
et al., 1995). ALARO-0 is coupled to the externalized land surface model SURFEX version 5 (Hamdi et al.,
2014). To account for subgrid heterogeneities, it uses a tiling approach with each tile providing information
by its corresponding parameterization scheme on the surface fluxes according to the type of surface: nature,
town, inland water, and sea (Masson et al., 2013). The nature (referred to as vegetation and unmanaged soil)
tile is divided into subtiles, referred to as patches to account for the variety in soil and vegetation behav-
ior. In SURFEXv5, 12 patches correspond to the plant functional types described in ECOCLIMAP (Masson
et al., 2003). ECOCLIMAP is a global land cover database at 1-km horizontal resolution. Each cover type
is an ensemble of pixels with similar surface characteristics. The classification was established using land
cover maps and satellite observations. Beside this classification ECOCLIMAP provides a data set with sur-
face parameters depending on the land covers and plant functional types, such as leaf area index and albedo.
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Figure 3. One-way nesting of the domain at 4-km horizontal resolution centered around 50.57◦N and 4.55◦E within
the intermediate domain at 20-km horizontal resolution centered around 46.47◦N and 2.58◦E. The colors represent the
orography (m), and the grid is plotted on top at 20-km horizontal resolution.
These physiographic data, together with topography data (GTOPO30, Gesch et al., 1999) and soil properties
(IUSS Working Group WRB, 2006), fully interact with SURFEX.
The CNRM-CM5.1 global climate model has been dynamically downscaled to perform simulations with
ALARO-SURFEX. The downscaling approach consisted of a daily update of the initial conditions and a
continuously evolving land surface (Berckmans et al., 2017). The model allowed for a spin-up period of
3 months to let the atmosphere and land surface advance to an equilibrium state (see Berckmans et al.,
2017, for more details on the spin-up period). First, a one-way nesting was applied to perform simulations
at 20-km horizontal resolution with its center over western Europe at 46.47◦N and 2.58◦E and a dimension
of 149 × 149 horizontal grid points and 46 vertical levels (Figure 3). Next, a one-way nesting was applied to
run the model 4-km horizontal resolution with its center over western Europe at 50.57◦N and 4.55◦E and a
dimension of 181 × 181 horizontal grid points and 46 vertical levels (Figure 3).
Three simulations have been performed with ALARO-SURFEX for western Europe at 4-km horizontal
resolution:
1. A historical simulation for the 30-year period of 1976–2006 without LULCC. This simulation served
as the reference for the climate change effect (“CC”) and the combined climate and LULCC effect
(“CC+LULCC”; Table 1). This simulation has been validated against E-OBS, a daily high-resolution grid-
ded data set (Haylock et al., 2008). The data set consists of the dailymean temperature, the dailymaximum
and minimum temperature, and the daily precipitation total. The most recent version v14.0 was selected
on the 0.22◦ rotated pole grid, corresponding to a 25-km horizontal resolution in Europe. It covers the
period 1 January 1950 to 30 June 2015.
Table 1
The Three Experimental Designs Applied in This Study to Analyze the Effects of Climate Change (CC), Land
Cover Change (LULCC), and the Combined Effect (CC+LULCC)
System Sensitivity experiment
Climate Historical 1976–2005 — RCP8.5 2006–2035 CC
Land use ECOCLIMAP ECOCLIMAP
Climate RCP8.5 2006–2035 — RCP8.5 2006–2035 LULCC
Land use ECOCLIMAP BAMBU
Climate Historical 1976–2005 — RCP8.5 2006–2035 CC+LULCC
Land use ECOCLIMAP BAMBU
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Figure 4. The spatial distribution of the 30-year (1976–2005) summer average daily mean 2-m temperature (◦C) at
4-km horizontal resolution over western Europe by (a) E-OBS, (b) ALARO-SURFEX and daily precipitation totals
(mm/day) by (c) E-OBS and (d) ALARO-SURFEX.
2. A simulation in the near future under the RCP8.5 scenario for the 30-year period of 2006–2035 without
LULCC (Table 1).
3. A simulation in the near future under the RCP8.5 scenario for the 30-year period of 2006–2035 but chang-
ing the underlying land cover using the BAMBU scenario year 2020. The results were compared to the
results from the previous simulation to disentangle the LULCC effect in the future (“LULCC”; Table 1).
The implementation of the modified land cover data set in the BAMBU scenario has been done in a few
steps: (i) the horizontal resolution of the data set was upscaled from 250 m to 1 km (by selecting the
most abundant land cover type in a 4 × 4 grid box), corresponding to the resolution of ECOCLIMAP
(Masson et al., 2003), (ii) the 50 ECOCLIMAP land covers occurring in our domain have been reclassi-
fied to six ALARM categories (Table A1), (iii) the ECOCLIMAP land covers that account for the largest
amount of grid points in the six particular categories have been selected, and (iv) the selected ECO-
CLIMAP land covers were assigned to the six ALARM categories (Table A1). The dominant ECOCLIMAP
land cover classes used within this chapter were inland waters (assigned category “others”), temperate
suburban (assigned category “built-up”), temperate crops (assigned category “arable”), temperate vine-
yards (assigned category “permanent crops”), temperate pastures (assigned category “grassland”), and
temperate broad-leaved forest (assigned category “forest”). Finally, the land cover in each grid box from
the ECOCLIMAP data set was replaced by one of the six ALARM categories. Consequently, six ECO-
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Figure 5. Projected changes of the 30-year summer (June-July-August) daily mean climate parameters for ALARO-SURFEX between the 30-year projected
period (2006–2035) under RCP8.5 without land use and land cover change and the 30-year control period (1976–2005) without land use and land cover change.
Changes are shown for western Europe at 4-km horizontal resolution for (a) daily 2-m mean temperature (◦C), (b) daily minimum 2-m temperature (◦C),
(c) daily maximum 2-m temperature (◦C), (d) diurnal temperature range (◦C), (e) daily precipitation totals (%), and (f) 90th percentile of daily maximum 2-m
temperature (◦C). For the temperature variables, nonsignificant changes are shown in white at 5% significance level. For precipitation, hatched areas indicate
regions with statistically significant change at 5% significance level. DTR = diurnal temperature range.
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CLIMAP land covers have been used within this study and their corresponding physical parameters, such
as albedo, leaf area index, roughness length, and emissivity.
For all simulations, only the summer months (June-July-August) have been analyzed.
3. Results
3.1. Validation Present Climate
We tested the model's capability of correctly simulating the spatial distribution of temperature and precip-
itation. The observed spatial distribution over western Europe of the 30-year (1976–2005) summer average
of the mean 2-m temperature ranges from 13 to 19 ◦C with a latitudinal and topographical dependence
(Figure 4a). The observed spatial distribution of the 30-year summer average of the daily precipitation totals
ranges from 1 to 5 mm/day with higher values occurring at the higher elevations (Figure 4c).
The model represents well the absolute values of the mean temperature, observed gradients and orographic
cooling in the southeast of the domain (Figure 4b). Some grid boxes demonstrate much colder temperatures
than their neighboring grid boxes. These correspond to rivers and lakes in the model that could not be
represented by the observations. The modeled mean temperature shows defined maxima of about 18–20 ◦C
across the country that correspond to urban areas. These local maxima refer to the UrbanHeat Island (UHI)
effect, and the largest contribution comes from the nighttime temperature. These local maxima over urban
surfaces could not be distinguished in the observations as their resolution is too coarse.
The model is able to simulate the orographic forcing for precipitation, although the values are higher
than the observed precipitation with an area-averaged mean of 2.59 mm/day compared to 2.10 mm/day
(Figure 4d). A careful interpretation of E-OBS is advised, as this gridded data set is in some regions con-
structed by interpolation or area averaging of station observations from a small number of stations, which
smooths and possibly affects the extreme values within the data set (Hofstra et al., 2010). Besides, the model
simulates at a higher spatial resolution in comparison to the coarser resolution of E-OBS.
3.2. Near-Future Climate Change
The results for the near-future period with respect to the control period present the climate change effect.
The mean values are around 0.5 ◦C for mean, minimum, and maximum temperature (Figures 5a–5c). The
minimum temperature changes are generally larger than the maximum temperature changes, with larger
areas covering a change of 0.5–1 ◦C. However, the changes in minimum and maximum temperature are
still quite similar, resulting in only few significant areas with changes in the diurnal temperature range
(Figure 5d). The change in precipitation is small and negative with −3.75 mm/day but with a larger spatial
variability (Figure 5e). Significant decreases appear mostly in the southern part of the domain. The 90th
percentile of the dailymaximum temperatures in summer shows a gradient over our domainwith increasing
values from northeast to southwest where values occur of 1 ◦C andmore (Figure 5f). Moreover, larger values
above 1 ◦C occur in Belgium and some smaller areas in Germany. Overall, both mean increase and standard
deviation is larger for the extreme maximum temperatures with 0.66 ◦C ± 0.26 ◦C compared to the mean
temperature increases.
The mean values are demonstrated for the entire domain and the grid boxes in the three boxes defined in
section 2.1. The mean, minimum, and maximum temperature change is positive for all boxes with similar
values around 0.3–0.6 ◦C (Table 2 and Figure 6). The standard deviations are an order of magnitude smaller
than the mean values with values around 0.05 ◦C. The precipitation changes in the three boxes are negative
with lowest in change in box 1 and largest change in box 2.
3.3. Impacts of LULCC and Emission Change in the Future Climate
3.3.1. Impact of LULCC in the Future Climate
The sign andmagnitude of the climate change signals has been determined comparing the simulation results
with and without LULCC in the future climate (2006–2035). This strategy was also applied by Gálos et al.
(2013) to detect the impact of potential afforestation over Europe, but this study considered a future period
of 2071–2090 and a hypothetic increase in forest cover. The effect of LULCC in the future climate is demon-
strated by averaging the entire domain and the three grid boxes as described in section 2.1. The changes in
the mean temperature by LULCC are largest for box 2 with an average warming of 0.35 ◦C, mainly deter-
mined by an increase in minimum temperature of 0.56 ◦C (value in bold, Table 2). For box 3, the mean
temperature increases with only 0.13 ◦C. The study of Gálos et al. (2013) presented an opposite signal of
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Table 2
The Changes in the Summer (June-July-August) Daily Mean Climate Parameters for
ALARO-SURFEX Between (i) the 30-Year Projected Period (2006–2035) Under RCP8.5 and the
Control Period (1976–2005) With ECOCLIMAP (=“CC”), (ii) the Projected LULCC Under RCP8.5
(=“LULCC”), and (iii) the Combined Effect of Both (=“CC + LULCC”)
Parameter Area CC LULCC CC+LULCC
T_mean (◦C) Total +0.51(0.10) −0.09(0.60)a +0.43(0.61)a
Box 1 +0.46(0.06)a −0.19(0.68) +0.27(0.68)a
Box 2 +0.57(0.05)a +0.35(0.28)a +0.93(0.30)a
Box 3 +0.53(0.06)a +0.13(0.32) +0.66(0.34)a
T_min (◦C) Total +0.53(0.08)a +0.00(0.54) +0.53(0.54)a
Box 1 +0.53(0.05)a +0.01(0.56)a +0.54(0.56)a
Box 2 +0.60(0.06)a +0.56(0.41)a +1.16(0.43)a
Box 3 +0.53(0.06)a +0.53(0.43)a +1.06(0.45)a
T_max (◦C) Total +0.46(0.15)a −0.18(0.75)a +0.29(0.78)a
Box 1 +0.35(0.08)a −0.36(0.89) −0.01(0.90)a
Box 2 +0.53(0.07)a +0.23(0.25)a +0.76(0.26)a
Box 3 +0.47(0.11)a −0.13(0.36) +0.34(0.40)a
DTR (◦C) Total −0.06(0.11) −0.18(0.45) −0.24(0.48)a
Box 1 −0.18(0.06) −0.38(0.57)a −0.55(0.58)a
Box 2 −0.07(0.04) −0.33(0.29)a −0.40(0.30)a
Box 3 −0.06(0.07)a −0.65(0.38)a −0.72(0.40)a
Prec (%) Total −3.75(−6.04) +0.16(2.06) −3.61(6.12)a
Box 1 −1.50(5.13) +0.38(2.53) −1.17(6.07)
Box 2 −6.80(3.51) +0.22(2.37) −6.66(3.87)
Box 3 −3.50(4.81) +1.43(2.43) −2.20(4.35)
90th percentile T_max (◦C) Total 0.62(0.26) −0.26(1.10) 0.36(1.11)
Box 1 +0.46(0.20) −0.60(1.25) −0.14(1.28)
Box 2 +0.89(0.15) +0.10(0.34) +0.98(0.36)
Box 3 +0.72(0.22) −0.40(0.53) +0.32(0.58)
Note. Mean changes are shown for daily mean 2-m temperature (T_mean), daily minimum 2-m
temperature (T_min), daily maximum 2-m temperature (T_max), diurnal temperature range
(DTR), daily precipitation totals (Prec), and 90th percentile of daily maximum 2-m temperature.
The values between Brackets are the standard deviations.
aChanges are significant for >50% of the total grid boxes with the particular conversion in the
particular box at a 5% significance level.
temperature decrease of −0.4 ◦C with afforestation for northeast France and northern Germany. This sen-
sitivity study involved a change of only one specific land cover for the far future. This is in contrast to the
area that we focus on in box 3 that is also influenced by the surrounding land cover changes that may effect
the overall effect on the regional climate. However, the maximum temperature decreases in this area with
−0.13 ◦C due to LULCC (value in bold, Table 2). This means that the climatic effects of emission change can
be reduced by forest cover increase during the day, but not during the night.
The mean and maximum temperature decreases in box 1 under LULCC with −0.19 and −0.36 ◦C, respec-
tively, while the minimum temperature change is slightly positive with 0.01 ◦C. Despite temperature
decreases for box 1, all domains display significant decreases in the diurnal temperature range by LULCC.
More importantly, the standard deviations of the temperature changes are in the same order ofmagnitude or
even larger than the mean changes. This implies that the variability across the region is very large. Besides,
the standard deviations by the LULCC effect are an order of magnitude smaller than the standard deviations
by the climate change effect only. This suggests that the warming effect by radiative forcing is more uniform
than the warming or cooling effect of LULCC. In contrast to temperature, the precipitation change caused
by LULCC in the future is negligible.
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Figure 6. Projected climate changes (CC) in the 30-year projected period (2006–2035) with respect to the 30-year
control period (1976–2005) in the summer (June-July-August), projected land use and land cover change (LULCC)
under RCP8.5 and the combined effect of both for (a) mean 2-m temperature (◦C), (b) minimum 2-m temperature (◦C),
(c) maximum 2-m temperature (◦C), (d) diurnal temperature range (◦C), (e) precipitation (%), and (f) 90th percentile of
maximum 2-m temperature (◦C).
3.3.2. Impact of Combined LULCC and Emission Change in the Future Climate
The sign and magnitude of the climate change signals due to potential LULCCs has been determined com-
paring the simulation results with LULCC and emission changes in the near future (2006–2035) against
the simulation results without LULCC and without emission changes in the past (1976–2005). The regions
have been identified where the combined LULCC and climate change shows the largest effects on summer
temperature and precipitation (Figure 7). In Belgium, the Ruhr district, United Kingdom, and Paris region,
the mean temperature increases with about 1 ◦C (Figure 7a). The same regions experience higher mini-
mum temperature changes of about 1.5 ◦C (Figure 7b). This means that maximum temperature changes
are smaller than the minimum temperature changes (Figure 7c). Only the regions of Flanders (north of
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Figure 7. Projected changes of the 30-year summer (June-July-August) daily mean climate parameters for ALARO-SURFEX between the 30-year projected
period (2006–2035) under RCP8.5 coupled to the BAMBU scenario year 2020 and the 30-year control period (1976–2005) without land use and land cover
change. Changes are shown for western Europe at 4-km horizontal resolution for (a) daily 2-m mean temperature (◦C), (b) daily minimum 2-m temperature
(◦C), (c) daily maximum 2-m temperature (◦C), (d) diurnal temperature range (◦C), (e) daily precipitation totals (%), and (f) 90th percentile of daily maximum
2-m temperature (◦C). For the temperature variables, nonsignificant changes are shown in white at 5% significance level. For precipitation, hatched areas
indicate regions with statistically significant change at 5% significance level. DTR = diurnal temperature range.
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Belgium), Paris, and the Ruhr district show significant large positive changes of 0.5–1 ◦C. The positive
and negative changes in minimum temperature and maximum temperature respectively result in an aver-
aged decreased diurnal temperature range of −0.24 ◦C (Figure 7d). Large local decreases of 1 to 1.5 ◦C and
even larger than 1.5 ◦C appear widespread over the domain and especially in the center of France. The
precipitation changes are mostly negative, but many regions are characterized by nonsignificant changes
(Figure 7e).
The combined effect of climate change and LULCC in the future climate is further demonstrated by averag-
ing the entire domain and the three grid boxes as described in section 2.1. LULCC amplifies the minimum
temperature for all boxes, resulting in minimum temperature changes of +1 ◦C for boxes 2 and 3 (Figure 6b
and Table 2, values in bold). This is in contrast to the maximum temperature, which is reduced by LULCC
in boxes 1 and 3 (Figure 6c) and 2). Both increased minimum temperatures and decreased maximum tem-
peratures lead to a stronger reduction of the diurnal temperature range in the near future combined with
LULCC (Figure 6d). The negative precipitation changes under climate change are only slightly reduced by
the small positive precipitation changes under LULCC (Figure 6e). Using a climate projection in the far
future with more uniform land cover change could result in larger LULCC impacts to the precipitation. In
a study by Gálos et al. (2013) half of the climate signal could be relieved by afforestation for the region of
northern France.
Changes in the land surface affect not only the climatic means but also the extremes. For the regions
of interest in the three boxes, the maximum temperature above the 90th percentile were calculated. The
largest maximum temperatures increase faster under climate change than the mean maximum tempera-
tures (Table 2 and Figure 6). However, they increase at a lower rate under LULCC for box 2 and decrease at
higher rates under LULCC for the other domains. The net increase of the extreme temperature under both
climate change and LULCC is highest for box 2 with 0.98 ◦C (value in bold, Table 2) compared to 0.76 ◦C for
the mean maximum 2-m temperature. The largest benefit of LULCC can be reached in box 3, where more
than half of the increase in the number of extremely warm days could be mitigated by the change to forest
cover (value in bold, Table 2). This is similar to results for the French region by the end of the century with
a land cover scenario of afforestation (Gálos et al., 2013).
4. Discussion
The impacts of LULCC are much more geographically isolated with respect to changes in the radiative forc-
ing (Brovkin et al., 2013; Pitman et al., 2012). The regional climatic response to radiative forcing is not
dependent on the spatial pattern of this forcing, whereas the response is more sensitive to the spatial pat-
tern of the LULCC (Brovkin et al., 2013). The temperature changes due to LULCC were in the same order
of magnitude than the changes due to radiative forcing. This is different for simulations until the end of
the century, where the LULCC effects on temperature are relatively small in the order of 0.1 K compared
to the effects of radiative forcing being 3.5–3.7 K under RCP8.5 (Brovkin et al., 2013). Besides, the temper-
ature changes are statistically significant for many regions, which is different from results in the LUCID
experiments as those simulations were done for the end of the century (Brovkin et al., 2013).
The total land area that has undergone a conversion in land cover accounts for about one tenth of the total
land area. The most prominent LULCC that took place between the BAMBU scenario year 2020 and the
BASELINE were abandonment of arable land in exchange for forests and built-up areas and also deforesta-
tion, and conversion of grassland to arable land. A detectable gradient was present in the conversion types
from north to south: (i) grassland to arable in the Netherlands, (ii) arable to built-up in Belgium (mainly
Flanders) and the Ruhr district, and (iii) arable to forest in the southern part of the domain. Deforestation
took place at isolated sites widespread over the domain.
4.1. Grassland to Arable
The LULCC for areas governing conversions from grassland to arable land resulted in a decrease in the
maximum temperature and no change in the minimum temperature. Moreover, the extreme maximum
temperature was further reduced under LULCC. The LULCC compensated the effect of climate change
for the near future, more particularly for the maximum and extreme temperature. This could be related to
higher evapotranspiration of the growing crops in summer than that of grasses, thus leading to larger latent
heat flux and reduced temperatures during the day. It should be noted that the climatic response is highly
dependent on the underlying land cover map and the land surface parameterizations in the model (Boisier
et al., 2012).
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4.2. Arable to Built-Up
The areas that represent conversions from arable land to built-up experience increases in minimum and
maximum temperature under LULCC. These areas demonstrated the largest enhancements from the three
selected areas with values of 0.5 ◦C. This resulted in an increase in minimum temperature in the near
future of 1.16 ◦C. The conversions from arable land into built-up area lowers the albedo due to specific
physical properties of a city such as darker impervious surfaces and lowered the leaf area index because of
replacement of vegetated areas by nonvegetated areas (Hamdi & Schayes, 2008). The minimum tempera-
ture increased strongly because of less rural areas that could cool faster during the night. Consequently, the
LULCC amplified themean and extreme temperature increase in these areas. Furthermore, the conjunction
of urbanization and changing radiative forcing caused an increase in minimum temperature that was con-
siderably larger than the increase due to climate change only. Argüeso et al. (2014) also found this for the
Sydney region and concluded that the increase in minimum temperature was much higher than the change
in maximum temperature. These results is in agreement with many evidences in the recent literature indi-
cating that future urbanization may amplify the air temperature in different climatic regions (Mahmood
et al., 2014) either under present (Doan et al., 2016; Kaplan et al., 2017; Li et al., 2018) or future conditions
(Argüeso et al., 2014; Georgescu et al., 2013; Grossman-Clarke et al., 2017; Kim et al., 2016; Kusaka et al.,
2016) with a strong impact on minimum temperatures.
4.3. Arable to Forest
The changes of radiative forcing in simulations for the near future led to temperature increases of about
0.5 ◦C ± 0.05 ◦C and were quite uniform over the entire domain. This was in contrast to the LULCC that led
to temperature changes of−0.4 to +0.6 ◦C± 0.2 to 0.9 ◦C. Therefore, the impacts of LULCCweremuchmore
geographically isolated with respect to changes in the radiative forcing. For example, the LULCC in the area
that was dominated by conversion of grassland into arable land forced a decrease inmaximum temperature,
thus reducing the effect of climate change for the near future. Similarly, the LULCC in the area dominated
by conversion of arable land into forest caused a decrease in maximum temperature but an increase in min-
imum temperature with similar magnitude as the climate change effect. As a result, the climate change
effect was amplified for minimum temperature for the near future but was weakened for the maximum
temperature as well as for the extreme temperature. During the day, warming due to radiative forcing of
low albedo over forest is compensated by cooling related to increase in evapotranspiration and greater aero-
dynamic conductance leading to more efficiently dissipating of heat (Bonan, 2008; Burakowski, 2016). At
night, stable conditions over low surface roughness trap cold air at the surface, while forest increases tur-
bulence due to higher surface roughness (+0.44-mm average over box3; Lee et al., 2011). Lee et al. (2011)
observed an increase in local cooling effect of deforestation at higher latitudes. In a recent study by Gálos
et al. (2013) over Europe, large-scale afforestation-induced cooling was quite small (−0.3 ◦C) compared to
the +3 ◦C emission-induced warming for the period 2071–2090. However, changes in precipitation were
relatively larger (−10% to +10% compared to −25% to +25% resulting from increased greenhouse gases).
Locally, afforestation-induced rainfall increases can more than compensate the greenhouse gases-induced
decrease.
5. Conclusion
The landscape of western Europe has already undergone significant changes due to both biogeochemical
and biogeophysical effects of LULCC. The biogeochemical effects that reflect radiative forces are widely
accepted and quantified by global and regional models, whereas biogeophysical effects that reflect nonra-
diative forces have not been quantified and integrated by the models yet. The land use scenarios of ALARM
prescribed realistic storylines of the biogeophysical effects of LULCC that will likely take place in the next
decades. This study examined the combined effect of LULCC and climate change by radiative forcing on the
regional climate in the near future. One specific land use change scenario “BAMBU” was selected for the
year 2020 and only summer periodwas investigated. Themajor LULCCwas the abandonment of arable land
in exchange for forest and urban areas and also deforestation and conversion of grassland into arable land.
The near-surface climate under RCP8.5 in the near future was defined by average increases in mean, min-
imum, and maximum temperature of around 0.3–0.6 ◦C. The LULCC showed consistent increases for all
regions of interest of the same order of magnitude in the minimum temperature. These changes superim-
posed on the climate change signal, resulting inminimum temperature changes of +1 ◦C for the near future.
The grid boxes in the center box with strong urbanization experienced significant increases in both mean,
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minimum, andmaximum temperature under both climate change and LULCC.Moreover, the extreme tem-
perature increased with 0.1 ◦C for these areas. For the other regions of interest, the impacts of LULCC on
maximum temperature were negative, thus diminishing the overall change under both climate change and
LULCC. Due to the larger standard deviations by LULCC than by climate change only, the local effect of
LULCC on temperature was even larger than the radiative forcing effect. The precipitation was not affected
by the LULCC for the near future.
As the impacts of the LULCC on the regional climate were also present outside of the grid cells where the
LULCC took place, large-scale variations could occur in the radiative forcing. Thereby, they could force
climate feedbacks so that the effects of LULCCs for a specific location were not purely controlled by the
LULCC in that grid cell. We recommend to investigate the regional aspect of the LULCC more in depth for
areas that do not experience LULCCs themselves but are affected by neighboring LULCCs.
For this study, only six land use and land cover classes were used. It would be beneficial to incorporate more
classes in the land use change models in order to have a higher thematic diversity. This is especially true for
forest classes to have a distinction between deciduous and needleleaf forests. A similar project that provides
a larger thematic diversity is CLUE-S (Verburg & Overmars, 2009).
Finally, this study demonstrated the impact of land use changes in a near-future climate with respect
to climate changes only. The results exhibited a strong influence of the land surface on the regional cli-
mate highly depending on the local scale. Furthermore, this study emphasized the importance of applying
a high-resolution model simulating both future climates without and with land use changes based on a
policy-driven land use change scenario. However, one has to keep in mind that this is one regional climate
model coupled to one land surface scheme, and therefore, we cannot estimate the results dispersion with
respect to alternative climate change pathways, land use change projections, or alternative global climate
model (Boisier et al., 2012; Brovkin et al., 2013; de Noblet-Ducoudré et al., 2012). Moreover, since the time
frame in this study is the near term future scenario, the uncertainty for the near-future climate projections is
dominated by model uncertainty and internal variability and to a lesser extent by scenario spread (Hawkins
& Sutton, 2009).
Appendix A
The appendix presents the reclassification done within this study to define the land use categories for the
future scenario (Table A1).
Table A1
Reclassification of ECOCLIMAP land covers that occur in the study domain into ALARM scenario
categories.
ECOCLIMAP
cover Description # grid points ALARM category
1 Sea and ocean 195,713 None
2 Inland waters 7,224 Others
3 Rivers 1,015 Others
4 Bare land 919 Others
5 Rocks 80 Others
151 Dense urban 5,835 Built-up
153 Temperate suburban 43,210 Built-up
154 Cold suburban 825 Built-up
155 Industries and commercial areas 6,385 Built-up
156 Road and rail networks 451 Built-up
157 Port facilities 546 Built-up
158 Airport 1,286 Built-up
159 Mineral extraction, construction sites 2,113 Built-up
160 Urban parks 955 Built-up
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Table A1 (continued)
ECOCLIMAP
cover Description # grid points ALARM category
161 Sport facilities 2,704 Built-up
165 Antantic coast crops 10,241 Arable
166 Temperate crops 226,949 Arable
168 Warm temperate crops 94,712 Arable
171 Mountain crops 723 Arable
175 Irrigated crops 1 Arable
176 Rice fields 1 Arable
178 Temperate vineyards 4,085 Permanent crops
180 Temperate fruit trees 2,536 Permanent crops
181 Olive groves 2 Permanent crops
182 Temperate pastures 111,985 Grassland
183 Atlantic border pastures 34,921 Grassland
189 Temperate complex cultivation patches 53,693 Arable
190 French complex cultivation patches 25,454 Arable
193 Crops and woodlands 14,401 Arable
194 French crops and woodland 6,112 Arable
198 Agroforestry areas 4 Permanent crops
202 Atlantic coast broad-leaved forest 36,329 Forest
203 Temperate broad-leaved forest 48,521 Forest
204 Mountain broad-leaved forest 1,629 Forest
209 Landes forest 1,114 Forest
210 Mountain coniferous forest 19,022 Forest
211 Temperate coniferous forest 32,453 Forest
216 Atlantic coast-French mixed forest 2,620 Forest
218 Mountain mixed forest 35,050 Forest
221 Atlantic coast Grassland 2,494 Grassland
228 Mountain moors and heath lands 1,647 Grassland
229 Atlantic coast moors-heath lands 451 Grassland
232 Mountain maquis 2 Forest
235 Temperate woodland 497 Forest
236 Sparsely vegetated areas 119 Others
238 Temperate wetlands 936 Others
240 Peat bogs 1,319 Others
241 Salines and salt marshes 556 Others
242 Intertidal flats 3,161 Others
243 Coastal lagoons 56 Others
Note. The covers in bold represent the ECOCLIMAP land covers that were selected to provide the land
surface parameter values for the ALARM categories.
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